Abstract. This paper used PATRAN/NASTRAN software to establish a three-dimensional finite element model of human ear and conduct dynamic simulation of hearing system. The correctness of the finite element model was verified through analyzing the tympanic membrane displacement of normal human ear under the sound pressure of 80 dB and comparing with the experimental data. Based on the verified model, this paper qualitatively and quantitatively studied and compared the influence of artificial auditory ossicle with 7 kinds of common materials (titanium, stainless steel, teflon, porous polyethylene, alumina ceramic, EH composites and hydroxylapatite ceramics) on the sound conduction of human ear and the effect of postoperative hearing recovery under different sound pressures (50 dB, 80 dB, 105 dB and 120 dB) at 100-10000 Hz. Results showed that the hearing recovery of human ear had the same effect after replacing artificial auditory ossicle under different sound pressures with different frequency. At different frequencies with the same sound pressure, the postoperative hearing of human ear had different effects after replacing different materials of artificial auditory ossicle. Artificial auditory ossicle of hydroxylapatite ceramics, stainless steel and alumina ceramic had better effect on sound conduction at low frequencies, while artificial auditory ossicle of porous polyethylene and teflon had better effect on sound conduction at high frequencies. Under different sound pressures, replacing artificial auditory ossicle with 7 kinds of common materials showed little difference in the hearing recovery of human ear at each frequency band and had a stable influence on the sound conduction of human ear.
Introduction
Hearing medicine is a science which studies hearing function and rehabilitation of hearing impairment in a physiological and pathological state. Its foundation is the anatomy and physiology of ear and knowledge related to mechanics, acoustics and electromagnetics. Conduction deafness will be generated when the transmission of sound wave is hindered by outer ear or middle ear lesions in hearing system.
People's research on the vibration transmission of sound pressure in human ear is limited due to dense structure and complex boundary conditions of human ear. In traditional methods, anatomy is used to observe and study the force transfer behavior of middle ear. Artificial excitation is mostly applied to tympanic membrane to observe the mechanical data at the key position of middle ear and know about the sound conduction mechanism of normal or pathological middle ear [1] [2] [3] [4] [5] . With the improvement of imagining technique, people have used CT (computed tomography) or MRI (magnetic resonance imaging) to obtain the anatomical data of middle ear in a state of human physiology, build a solid model with expanding proportion according to the obtained data and make the experiment to be observed [6, 7] , which also provides a basis for further studying the mechanical behavior of middle ear in the state of active physiology. In recent years, some scholars have started to use the analytic method to study the mechanical behavior of middle ear [8, 9] .
The mentioned methods have great limitations. Due to the numerical simulation method of high-performance computer and the progress of imagining, scholars have started to apply mature finite element analysis software to establish the finite element model, analyze the dynamics of middle ear and obtain a series of achievements in recent years, which greatly promotes the research on the structural mechanical behavior of middle ear. Precise numerical model of human ear is beneficial to simulating and predicting the dynamic behavior of human middle ear more accurately. For this reason, scholars start to look for different methods of finite element model to establish more accurately structural models of human ear.
The constant accuracy and completeness of the finite element model and further research of numerous scholars on the material property and constitutive relationship of various tissues of human ear [10, 11] provide a lot of valuable information for studying human ear. The nonlinear constitutive relationship of some structures of human ear also starts to be applied to the finite element model. Research on human ear through numerical method is no longer limited to simulating and verifying tympanic membrane, the vibration mode of ossicular chain or other dynamic parameters of normal ear.
With the rapid development of material science, more materials have been effectively applied to the research of life science. New materials are an important component of high and new technology and also an important pillar and breakthrough of developing high and new technology. At present, biological materials applied to artificial auditory ossicle are mainly metal materials, ceramic materials and high polymer materials. Artificial auditory ossicle can be made of various biological materials. Shen [12] [13] [14] [15] has introduced the preparation and clinical effect of common materials (alumina ceramic, EH type composites, hydroxyapatite ceramics, titanium and porous polyethylene) of artificial auditory ossicle. Zhang [16] compared the complication incidence rate and postoperative hearing improvement of artificial auditory ossicle with bioceramics and titanium after hearing reconstruction tympanum. With the rapid development of otomicrosurgery and the promotion of tympanum, research on the materials of ossicular chain reconstruction has been gradually thorough. Zeng [17] analyzed the material properties of several ossicular chain reconstruction and their advantages and disadvantages in the process of application. This paper used PATRAN/NASTRAN software to reconstruct a three-dimensional finite element model of human ear, conduct dynamic simulation of hearing system and qualitatively and quantitatively study the influence of different materials of PORP on the hearing recovery of human ear.
Establishment of the finite element model

The finite element model
This paper established a complete three-dimensional finite element model of human ear through PATRAN. The model contained outer ear, middle ear and spiral inner ear. The complete finite element model of human ear was shown in Fig. 1 . Model parameters, mesh division and boundary conditions referred to the published papers [18] [19] [20] [21] [22] [23] . PATRAN software was used to establish a model and divide meshes. The finite element model contained 1479 nodes, 950 eight-node hexahedral elements and 100 six-node pentahedral elements whose attribute was defined as solid. The top tray of artificial auditory ossicle was connected to tympanic membrane and both ends of artificial auditory ossicle were connected to stapes head, as shown in Fig. 3 to Fig. 5 . 
Model verification and analysis of middle ear lesions
With considering the influence of external auditory canal, the sound pressure 80 dB (0.2 Pa) was applied to the entrance of external auditory canal to analyze frequency response, obtain frequency-response curve of tympanic membrane and compare with the experimental data of Ferris, Kelly, Huber, Nsihihara & Goode et al. [3, [24] [25] [26] , as shown in Fig. 6 . The displacement contour of tympanic membrane under the characteristic frequency was shown in Fig. 7 .
As can be seen from Fig. 6 and Fig. 7 , it could be shown that tympanic membrane displacement-frequency response curve obtained by this paper was between the curves of Huber and Kelly at 100 Hz-10000 Hz. through experiments. At 100 Hz-3000 Hz, the result of numerical simulation was basically consistent with the experimental data of Nsihihara & Goode et al. At 4000 Hz-10000 Hz, the result of numerical simulation was basically consistent with the experimental data of Ferris and Kelly et al. Based on the verified finite element model, this paper simulated the dynamic response curve of tympanum with lesions. Through referring to the method proposed by Dai [27] , 100 times of normal status was seemed as the elastic modulus with sclerodesmia. 2663 Tet4 ossification elements were arranged around the junction of malleus head, body of incus, malleus suspensory ligament and incus suspensory ligament. 490 MPa was selected as material property to obtain stapes displacement-frequency response data after lesions in the case of applying the sound pressure 50 dB, 80 dB and 105 dB to the entrance of external auditory canal. As shown from Table 1 to Table 3 , the vibration displacement of stapes had the same order of magnitude under the excitation of the same sound pressure. Vibration displacement gradually decreased with the increase of frequencies. In addition, vibration displacement increased with the increase of the sound pressure. 
Numerical analysis on artificial auditory ossicle with different materials
This paper mainly started from the mechanical property of biological materials and studied the influence of artificial auditory ossicles with different materials on the mechanical mechanism of sound conduction of human ear. The properties of artificial auditory ossicle with different materials were shown in Table 4 . Biocompatibility needed to be considered when biological materials were applied to the human body, which might involve problems in other disciplinary fields except for mechanics. It will be further analyzed in our future studies. 
Analysis on dynamic characteristics
The sound pressure 80 dB (0.2 Pa) was applied to the entrance of external auditory canal to simulate the hearing system of the finite element model at 100 Hz-10000 Hz after replacing PORP with 7 kinds of materials (materials were shown in Table 4 for the convenience of expression, 7 kinds of materials were respectively defined as P1 to P7), and the frequency-response curve of stapes displacement and velocity was analyzed and obtained, as shown in Fig. 8 to Fig. 9 . The finite element model of this paper simulated the displacement contour of total ear and middle ear at the characteristic frequency of normal conditions, as shown in Fig. 10 . As shown from Fig. 8 and Fig. 9 , the frequency-response curve of stapes displacement and velocity of PORP with different materials was close to the hearing curve of normal human ear. Patients with replacing PORP had good effect of postoperative hearing recovery. Hearing recovery in the paper meant that the hearing value (the relative displacement of stapes and umbo) after applying artificial auditory ossicles with different materials subtracted the hearing value (the relative displacement of stapes and umbo) before applying artificial auditory ossicles with different materials. In addition, the replacement of PORP had a significant effect on hearing recovery in short term. Fig. 10 showed the regulation of pressure distribution of external auditory canal. It could be noticed from different colors of the figure that pressure gradually increased from the entrance of external auditory canal to tympanic membrane. At the tympanic membrane, the pressure of external auditory canal was the largest. Thus, it could be seen that external auditory canal played a role in increasing pressure. 
Analysis on hearing recovery
Through computing and comparing the displacement of PORP with 7 kinds of different materials and the data of lesions in Table 2 , the hearing recovery of PORP with different materials in the case of relative lesions after operation was obtained, as shown in Fig. 11 . The envelope diagram of hearing recovery was made to conduct a quantitative analysis on the situation of postoperative hearing improvement after replacing PORP, as shown in Fig. 12 .
As shown from Fig. 11 and Fig. 12 , each material had different effect on postoperative hearing recovery at different frequency bands. At the frequency band from 100 Hz-10000 Hz, the envelop of hearing recovery of human ear after replacing PORP with different materials in the short run was discussed, as shown in Table 5 and Table 6 . It could be clearly seen from Table 5 , Table 6 and Fig. 12 that artificial auditory ossicle of hydroxyapatite ceramics, stainless steel, alumina ceramic and EH type composites had the maximum hearing recovery at the low frequency band, namely 16.34 dB to 23.26 dB, and reached the maximum value about 23.26 dB around 500 Hz. However, artificial auditory ossicle with teflon and porous polyethylene had the minimum hearing recovery, about 19.06 dB to 19.42 dB at the low frequency band. At the high frequency band, artificial auditory ossicle with porous polyethylene improved human ear hearing most, namely 12.04 dB to 25.00 dB, and reached the maximum value 25 dB around 3000 Hz. Artificial auditory ossicle with alumina ceramic and stainless steel had the minimum hearing recovery at the high frequency band, about 17.10 dB to 21.36 dB. Only postoperative hearing recovery in short term could be obtained through the finite element analysis. In addition, the PORP with different materials had a good effect on the hearing recovery of human ear in short term. Artificial auditory ossicle with hydroxyapatite ceramics, stainless steel and alumina ceramic had a good effect on sound conduction at the low frequency band. Artificial auditory ossicle with porous polyethylene and teflon had a good effect on sound conduction at the high frequency band. With considering hearing effect in long term, titanium, teflon and hydroxyapatite ceramics which had the best biocompatibility had better hearing effect.
Analysis on PORP with different materials under different sound pressures
Sound pressures including 50 dB (0.00632 Pa), 105 dB (3.56 Pa) and 120d B (20 Pa) were respectively applied to the entrance of external auditory canal to conduct analogue simulation of total ear model after replacing PORP with different materials at 100 Hz-10000 Hz. Through simulation analysis, frequency-response curve of stapes displacement and velocity was obtained, as shown from Figs. 13-18. velocity under different sound pressures (50 dB, 80 dB, 105 dB and 120 dB) after replacing PORP with different materials was close to the hearing curve of normal human ear. Patients with replacing artificial auditory ossicle had a good effect on postoperative hearing recovery in short term.
Analysis on hearing recovery
Through computing and comparing the curve from Figs. 13-18 after replacing PORP with different materials and data with lesions in Table 1 and Table 3 , hearing recovery of relative lesions after replacing PORP was obtained. As shown from Fig. 9 to Fig. 18 , the frequency-response curve of stapes displacement and The envelope diagram of hearing recovery was made in order to conduct a quantitative analysis on the situation of hearing improvement after replacing different materials, as shown in Fig. 19 and Fig. 24 .
As displayed from Fig. 19 to Fig. 24 , various materials had different postoperative hearing recovery at different frequency bands. The extremum of postoperative hearing recovery of human ear after replacing artificial auditory ossicle in short term at 100 Hz-10000 Hz was discussed. The vibration response at 120 dB SPL of the whole ear system after replacing PROP was also shown in Fig. 25 Table 7 and Table 8 .
As shown from Table 7 and Table 8 , the hearing recovery values of human ear after replacing artificial auditory ossicle with different materials had little difference at each frequency band under different sound pressure levels (50 dB, 80 dB, 105 dB and 120 dB), which indicated that artificial auditory ossicle with different materials had a stable influence on the sound conduction of human ear under the excitation of different sound pressures. At low frequencies, artificial auditory ossicle with hydroxyapatite ceramics, stainless steel, alumina ceramic and EH type composites had the maximum hearing recovery, namely 16.33 dB to 23.26 dB, and reached the maximum value about 23.26 dB around 500 Hz. However, artificial auditory ossicle with teflon and porous polyethylene had the minimum hearing recovery, about 5.62 dB to 19.47 dB at low frequencies. At high frequencies, artificial auditory ossicle with porous polyethylene improved human ear hearing most, namely 11.32 dB to 25.02 dB, and reached the maximum value about 25.02 dB around 3000 Hz. However, artificial auditory ossicle with alumina ceramic and stainless steel had the minimum hearing recovery at high frequencies, about 15.89 dB to 21.75 dB. Only postoperative hearing recovery in short term could be analyzed through the finite element. In addition, the artificial auditory ossicle with different materials had a good effect on the hearing recovery of human ear in short term. Artificial auditory ossicle with hydroxyapatite ceramics, stainless steel and alumina ceramic had a good effect on sound conduction at low frequencies. Artificial auditory ossicle with porous polyethylene and teflon had a good effect on sound conduction at high frequencies. With considering hearing effect in long term, titanium, teflon and hydroxyapatite ceramic which possessed the best biocompatibility would have better hearing effect.
The first author has completed this paper from the beginning to the end, the second author has provided the idea, the third author has completed the translation, and the other authors have checked this paper and submitted it to the submission system.
Conclusions
This paper constructed a complete three-dimensional finite element model of human ear, combined with NASTRAN software to analyze frequency response and qualitatively and quantitatively studied and compared the influence of PORP with 7 kinds of materials on the sound conduction of human ear under different sound pressures (50 dB, 80 dB, 105 dB and 120 dB) at 100 Hz-10000 Hz and the postoperative hearing recovery. Results showed that the postoperative hearing recovery of human ear had the same effect after replacing PORP under different sound pressures with the same frequency. At different frequency bands with the same sound pressure, the postoperative hearing recovery of human ear had the same effect after replacing PORP with different materials. Artificial auditory ossicle with hydroxyapatite ceramics, stainless steel and alumina ceramic had a better effect on sound conduction at low frequencies. Artificial auditory ossicle with porous polyethylene and teflon had a better effect on sound conduction at high frequencies. With considering the hearing effect in long term, titanium, teflon and hydroxyapatite ceramics which possessed the best biocompatibility would have better long-term hearing effect. Under different sound pressures, the hearing recovery values of human ear had little difference at each frequency band after replacing PORP with different materials, which indicated that PORP with different materials had a stable influence on the sound conduction of human ear under the excitation of different sound pressures.
This paper applied 7 kinds of common materials to artificial auditory ossicle and analyzed their influences on the postoperative hearing effect of middle ear only from the perspective of physic-mechanical property. However, this paper did not analyze the reason for different influences caused by artificial auditory ossicle with 7 kinds of common materials and the issue of their biocompatibility from the perspective of material microscopic property. It will be further expanded in the future studies.
In recent years, material science has developed rapidly and nanometer material technology has become a new field which scientists pay attention to. The characteristics of nanometer materials including surface and interface effect, small-size effect, quantum size effect and so on may make the replaced structure and bone tissues directly form firm biological bonding. If artificial auditory ossicle structure is made of biological nanometer material, artificial auditory ossicle will be likely to have better biocompatibility, superior performance and postoperative stability in long term.
